ABSTRACT Three children, aged 6-10 years, in whom cervical cord injury at the CI-C2 level resulted in apnoea had bilateral implantation of diaphragm pacemakers. With periods of gradual conditioning of the diaphragm muscle to low frequency stimulation and slow respiratory rates they adapted to continuous ventilatory support by simultaneous stimulation of both hemidiaphragms without evidence of fatigue, so far for periods of 23-47 months.
Continuous support of ventilation by electrical stimulation of the phrenic nerves was first reported in an adult quadriplegic patient with respiratory muscle paralysis by Glenn etal in 1972 .1 Adequate ventilation was obtained by electrical stimulation of each hemidiaphragm alternately for 12 hours. More prolonged stimulation of the diaphragm resulted in fatigue.2 Continuous ventilation by diaphragm pacing in infants and children has not hitherto been possible as bilateral simultaneous pacing of both hemidiaphragms is required to provide adequate ventilation. 3 Recent laboratory studies to determine the optimal settings for diaphragmatic pacing have shown that continuous bilateral simultaneous pacing is possible without injury to the phrenic nerve or diaphragm muscle if wide pulse interval stimulation of the phrenic nerve at a slow pulse train repetition (respiratory) rate is used. 4 This technique has been applied to older children and adult quadriplegic patients with diaphragmatic paralysis and has provided continuous ventilation without evidence of diaphragm fatigue over extended periods.56
The present report describes the results in three quadriplegic children with paralysis of the diaphragm who had diaphragm pacemakers implanted and were able to adapt, through gradual conditioning to pacing, to continuous ventilatory support by simultaneous stimulation of both phrenic nerves, which they have had for from 23 to 47 months.
Patients and methods
Three quadriplegic children, one boy and two girls (patients 1, 2, and 3) aged 10, six and six years respectively, suffered from traumatic lesions of the cervical cord at the level of C1-C2 as a result of motor vehicle accidents. The time between injury and pacemaker implantation was one year in patient I and 10 and nine months respectively in patients 2 and 3. During this time they were mechanically ventilated continuously via a tracheostomy.
Preoperative studies consisted of fluoroscopic confirmation of immobility of the diaphragm and determination of viability of the phrenic nerves through transcutaneous stimulation of the phrenic nerves in the neck.7 8 The operative techniques for implantation of the diaphragm pacemaker have been described in detail by Glenn et al.2 The phrenic nerve was exposed through a thoracotomy in the second intercostal space anteriorly. A monopolar electrode was inserted behind the phrenic nerve in the mediastinal portion midway between the base of the heart and the apex of the thoracic cavity, where it was fixed in place with prolene sutures. The radio receiver was implanted subcutaneously through an incision in the anterolateral axillary line at the costal margin in a pocket developed between the costal margin and the inframammary fold. The pocket was about 10cm deep and extended laterally and medially for a distance of some 3-4cm to accommodate the electronic parts (receiver, anode electrode plate and electrode receiver connectors). A receiver electrode assembly was implanted on the right and left sides, at two separate operations 15 days apart.
Two weeks after the second operation simultaneous pacing of both hemidiaphragms was initiated Garrido, Mazaira, Gutierrez, Gonzalez, Rivas, Madrazo in patients 1 Before the pacing schedule was started the threshold of the diaphragm muscle to stimulation and the current amplitude required for maximal descent of the diaphragm were determined at fluoroscopy and recorded for both hemidiaphragms separately. These studies were repeated at intervals of about one month for the first six months postoperatively and appropriate adjustments were made in the stimulation specifications. Thereafter these studies were repeated about every six months.
The threshold of excitation is defined as the current required to produce minimal contraction of the hemidiaphragm with electrical stimulation of the phrenic nerve by the pacemaker. Maximal current amplitudes are defined as the current required for maximal descent of the hemidiaphragm in response to electrical stimulation of the phrenic nerve.
CONDITIONING OF THE DIAPHRAGM
Once the pacing characteristics were established for each hemidiaphragm, bilateral simultaneous diaphragm pacing was initiated, with the mechanical ventilator disconnected temporarily, for 5-10 minutes each hour during waking hours at a pulse interval of 90 milliseconds (pulse frequency 11 Hz) and a respiratory rate of 10-15 per minute. The amplitude of the electrical current applied was just sufficient to obtain the maximal tidal -volume, which usually corresponded to the maximal current amplitude as assessed by fluoroscopy. Tidal During the period of conditioning the following studies were carried out at intervals of 15 days:
(1) determination of threshold current level and maximum amplitude, and (2) measurement of tidal and minute volumes with pacing at varying pulse intervals (40, 60, 90, 110, 120 ms) by spirometry.
The current peak and threshold applied to the phrenic nerves were adjusted by dial calibration of the transmitter.
Each of the children achieved full time ventilatory support by bilateral simultaneous diaphragm pacing. When full time pacing had been established the tracheostomy tube was replaced by a short straight teflon tube and obturator, extending from the skin to just inside the tracheal lumen, where it was held in place by a small flange, sized for each patient individually. The obturator was removed from the tube during sleep to assure a patent upper airway.
Results
The preoperative values of phrenic nerve conduction time and muscle action potentials are shown in table 1. The periods required to condition the diaphragm in the three patients were 5, 7, and 11 months respectively. These periods are longer than in adult patients, but were necessary to avoid fatigue of the diaphragm; the longer period required for patient 3 was due to temporary loss of function of the left phrenic nerve after application of the neural electrode.
The threshold to stimulation was variable in patient 1, increasing substantially during the first month after pacing had begun and decreasing thereafter to 3 mA on the right side and to 7 mA on the left. In patient 2 the threshold varied only slightly-from 2 to 2-5 mA. In patient 3 the threshold was temporarily lost; it was 9 mA when recovery of the nerve initially occurred but then decreased progressively until it stabilised at 3-4 mA (fig 1) .
The results of paced ventilation at the end of the conditioning period are summarised in table 2. Spirometric measurements obtained during unilateral pacing at wide and narrow pulse intervals (from 120 to 40ms) showed an increase throughout the period of conditioning (fig 2) . The patients have been followed for 47, 26, and 23 months from the time pacing was begun, with no obvious signs of fatigue of the diaphragm. Patients 1 and 3 are at home and patient 2 lives in a rehabilitation centre. 
